1. The relatedness of individuals can influence their behaviour and changes in the degree of female relatedness in spring may influence the demography of vole populations (Lambin & Krebs 1991a). Here we report on an experiment testing the effect of relatedness on the demography of Townsend's vole (Microtus townsendii) populations (kin and non-kin treatments) over three consecutive springs. 2. Most nestlings were marked before weaning such that we knew which recruits were related to one another and to which adult female. The average size of matrilineal groups was experimentally manipulated by selectively removing voles of known origin and by preventing predation by birds of prey. 3. Nearest neighbours had their nests closer to one another on the kin treatment, but there were no differences in home range size between treatments. Homeranges of females present on both treatments were smaller in a spring of high density than in the springs with lower density. 4. Female survival was better on the kin treatment. Within the kin treatment, females with at least one first degree relative as a neighbour survived better than females without such a relative. No such difference was observed within the nonkin treatment. 5. Females in the kin treatment gave birth to their first spring litter 5-7 days later than females in the non-kin treatment, possibly as a consequence of space sharing with related neighbours. The weaning success of the first spring litter was significantly higher on the kin tratment than on the non-kin treatment, but there were no differences in the weaning success of females with and without related neighbours within treatments. The presence of immigrant females on the non-kin treatment and not on the kin treatment may have caused the difference in weaning success between the treatments. 6. We conclude that female relatedness influences the pattern of space use and the survival of females in spring. The presence of immigrant females attempting to establish in the population has a pronounced effect on the weaning success of residents.
Introduction
For many years population biologists have attempted to demonstrate an unambiguous link between population dynamics and changes in social behaviour (Chitty & Phipps 1966; Chitty 1967; Christian 1970; Charnov & Finerty 1980; Krebs 1985) . In voles and 537 X. Lambin & C.J. Krebs (Watson & Moss 1970 ) limits population numbers of several microtine species (review in Lambin & Krebs 1991a) and at least one grouse species (Watson & Moss 1985) . Spacing behaviour in spring limits the number of individuals able to reproduce (Taitt & Krebs 1985) and aggressiveness of adults influences juvenile survival and recruitment (Boonstra 1978 ). Territoriality of one or both sexes is a cause of spring declines in voles and, therefore, strongly influences demography ( (Krebs 1979) and are, therefore, considered as equivalent to cyclic population peaks. As spacing behaviour in spring limits population size, it is important to know what changes in spacing behaviour allow populations to reach peak densities in some years. In red grouse (Lagopus lagopus scoticus Lath.), changes in the size of cock territories and cock aggressiveness with density limit population size, and changes in the relatedness of cocks might be linked to changes in aggressiveness (Mountford et al. 1990 ; Moss & Watson 1991) . In 1980, Charnov & Finerty proposed that kin selection, as evidenced by aggression between individuals with a low coefficient of relatedness, may be a significant contributing factor in vole population cycles. Their hypothesis assumes that the degree of relatedness is high in sparse populations of voles and that kinselection favours amicable behaviour between related individuals. The degree of kinship is assumed to be inversely related to population density, and individuals living at high density are assumed to experience high dispersal rates and low reproductive success as a result of their interactions with unrelated neighbours. However, in a recent review Kawata (1990) concluded that the assumptions of the Charnov and Finerty hypothesis are inadequate, and that its predictions are not supported by the available evidence. There is no convincing evidence that relatedness is lower at high density than at low density (Frank 1957 Recently we have outlined the conditions under which changes in female relatedness are likely to influence microtine demography (Lambin & Krebs 1991a ) and measured the benefits accruing to voles interacting with their kin (Lambin, 1993 , and submitted). Specifically, we predicted that (i) female relatedness influences the intensity of the spring decline in vole populations because this is when social interactions determine breeding population size; (ii) competition for space is relaxed among related females in spring, and this enables more females to remain and reproduce in the summer; (iii) there is no simple relationship between density and relatedness, but the degree of female relatedness is higher before the beginning of the breeding season of outbreak or peak density years than in the spring of lower density years; (iv) the effects of extrinsic factors such as predation and parasitism on population density are amplified through the disruption of relatedness among females. This amplification occurs because mortality not only reduces density, but causes a reduction in the size of matrilineal families and creates vacancies for immigrants. Conversely, high overwinter survival or winter breeding not only keeps vole numbers high, but also maintains or increases the size of matrilineal vole families. Female philopatry and the lack of successful immigration are the factors bringing about increases in the degree of female relatedness in populations.
In this paper, we present the results of a field experiment testing the prediction that the degree of female relatedness influences the demographic parameters of Townsend's vole populations during the spring decline. We also compared the reproductive success of females living with and without related neighbours in the spring. We manipulated the degree of relatedness in natural populations of Townsend's vole (M. townsendii) by means of selective removal and predator exclosures. The experiment was designed to measure the influence of female relatedness on adult and juvenile survival rather than on population numbers per se. (Pradel, Clobert & Lebreton 1990 ). It involves selecting models that adequately describe the probabilities of recapture and survival of members of the study population. Models may include dependance of survival and trappability upon external variables or be partitioned by sex, cohort or experimental treatment. A biologically meaningful model that explains the variability of the data, but excludes unnecessary parameters is selected by comparing the fit of a specific model to a more parsimonious model which is a general case of the previous one. Differences in the adjustment of competing models can be tested by means of likelihood-ratio tests (see Lebreton et al. 1992 , for a comprehensive review on modelling survival).
Methods
For 1989 and 1990, we considered the survival of males and females separately during the 2 weeks before and after the week of the first births of the breeding season. For the purpose of this paper we refer to this period as the spring decline even though populations declined during a longer time interval. Due to the presence of a long-tailed weasel (Mustela frenata) on the non-kin grid during the 2 weeks after the birth of the first spring litter in 1991, we chose to consider the survival over the 4 weeks before the birth of the first litter for both grids in this year. The weasel is known to have killed at least four radio-collared females in 1991 and its influence on survival could not be separated from any influence of the treatment. In all years and treatments, voles born in the previous year or of those that immigrated before the onset of reproduction were included in the survival analysis. Because females migrating into the kin treatment area were removed, the survival of immigrant females on the non-kin treatment area is not considerd in this analysis. The survival of winter born voles is not considered as they were not competing for territories in spring.
For comparing survival rates in different treatments, we first tested the constancy of survival rates and trappability over the 4-week period for each repetition of each treatment separately. We then tested the constancy of trappability across treatments by comparing a model specifying a different trappability for each repetition of each treatment to a model with a single estimate of trappability. Our initial survival model included a log-linear relationship between survival and the treatment effect (Kin vs. Non-Kin), the year of experimentation effect (1989, 1990, 1991) and an interaction between these two variables. We first tested the significance of the interaction between year and treatments, and for an effect of the year of experimentation on survival. According to the result of these comparisons, we finally analysed the effect of the treatments on survival with the model of greatest parsimony.
Because of the lack of formal control treatment in the present study, we further investigated the effect of female relatedness on survival using the data from the 2 years for which genetical relationships between females were known precisely (1990, 1991) . We distinguished between females that had at least one first degree relative as neighbour and those that were surrounded only by unrelated females, and included this additional criterion in the survival models. The death of three females in trapping accidents was taken into account in the survival analysis. All computations were performed using the package SURGE 4.0 (Clobert et al. 1987; Pradel et al. 1990 ).
Results

VOLE NUMBERS BEFORE THE SPRING
DECLINE
Townsend's vole populations in and around the study area fluctuated greatly in size over the 3 years of study ( Fig. 1 ). As we used unenclosed populations, we did not attempt to control for these changes and try to maintain similar densities between years. Also, as emigration was not restricted, we focussed our analysis on comparison of survival and recruitment rates between treatments rather than on vole numbers. Overall, spring numbers were highest in the spring of 1990 and lowest in the spring of 1991. There were no systematic differences in vole numbers between treatments before the onset of reproduction (Table 1) . Nevertheless, there was a deficit of males in the kin treatment in 1991 and a larger number of females in the kin treatment than in the non-kin treatment in 1990 despite the removal of 17 immigrant females during February and March from the kin treatment. To ensure that the manipulation carried out during the winter did not cause differences between treatments other than changes in the degree of relatedness, the mean body mass, age distribution and parity of the overwintered female voles present before the onset of reproduction on the two grids were compared. There were no significant differences in average body mass or mean age of females or males between treatments. However, males were on average significantly lighter in 1989 than in other years and females were significantly heavier in 1990 than in 1991. The mean age of the overwintered females present before the spring decline was similar in the two treatments in 1990 and 1991, and not known in 1989 (Mann-Whitney U-test, P>0-5 in both years). However, a significantly higher proportion of the females present on the non-kin grid in the spring of 1990 had previously immigrated from outside the study area and their age was not known (Table 1, Thus, the degree of relatedness was probably higher in the kin treatment than in the non-kin treatment in 1989. In 1990, eight matrilines including 43 females were present on the kin treatment grid (Gl). Thirtyeight adult females out of 49 (77.5%) had at least one FDR (33) or second-degree relative (5, SDR: non-littermate sister, aunt, niece) as a neighbour at the beginning of the spring decline. Six females were immigrants without female offspring. On the non-kin treatment grid (G2), 10 females out of 32 (31%) had a FDR female as a neighbour and 21 (65.6%) females were surrounded by unrelated females. In 1991, six matrilines comprising 15 females were present on the kin treatment grid (G2). Thirteen females out of 27 (48.1%) had at least one FDR (10) or SDR (3) relative as a female neighbour. On the non-kin treatment grid (Gl), eight females out of 22 (36%) had a FDR or SDR neighbour and 14 females (64%) had no related female neighbour.
HOME RANGE SIZE AND OVERLAP
To estimate the extent of space-sharing in spring between females of different degrees of relatedness, we calculated the distance between the location of the nest or centre of activity of all females during the spring decline (Fig. 2) . First-degree relatives were closer to each other than other pairs of females and had their nest 16-6 (+1-82, n = 65) meters apart from each other. Forty-nine per cent of the pairs of FDR, 22-2% of the pairs of SDR or third-degree relatives and 7% of the pairs of unrelated females had the nest or activity centres closer to each other than the diameter of an average home range (12-2 m). Females were significantly closer to their nearest neighbour in the kin treatment than in the non-kin treatment and in 1990 than in other years (two-way ANOVA, Year effect F 1,126=5*70, P<0-02; Treatment effect F 1,126 = 5-72, P < 0-02; Interaction F 1,126=2-73 P>0.1).
We measured the home-range sizes of females For females, models assuming that trappability and survival were constant over the 4 weeks of the spring decline fitted the data equally well as models allowing for variation in either survival or trappability over the spring decline (all six P values >0-1). This was expected as the trapping sessions were only one week apart from each other and trappability was extremely high. We could, therefore, assume the survival and trappability were constant over the 4 weeks considered. In males, survival and trappability were constant in all samples except for a sharp decline in the last period of sampling of one of the six replicates (G2 1989) for a reason unknown to us. The survival and capture rates are not separately identifiable for the last period of sampling. As a result, we allowed for a distinct estimate of the probability of survival and capture for the last occasion of capture of this replicate in all later models. Our initial survival model included a log-linear Differences in sample size are because one litter was accidentally destroyed (#) and three females died in trapping accidents (*). These are excluded from the analysis. X. Lambin & C.J. Krebs relationship between survival and the treatment effect (e), the year of experimentation effect (y) and an interaction between these two variables (e* y). For females and males, we were able to simplify the model, successively dropping dependency of trappability on year and on treatment, the interaction term between year and treatment on survival, and the year effect on survival (Table 4) . Thus, trappability was constant over the 3 years of experimentation and over the two treatments, and survival did not differ between years of experimentation. The overall trappability estimate was 0*975 for females (lower 95% confidence limit-0954; upper 95% Cl = 0.986), and 0*973 for males (lower 95% Cl = 0*951; upper 95% Cl = 0.986). We tested the effect of relatedness treatment (SeP) against a model including a single survival estimate for the six samples (S P). For females, a significant difference in deviance (P = 0*04 one-tailed) between the two models indicates that survival was higher in the kin treatments than in the non-kin treatment (Table  4, Fig. 3 ). The use of one-tailed probabilities is applicable here as we predicted that females on the kin-treatment would survive better than females on the non-kin treatment. Thus, the most parsimonious model that fits the female survival data includes a distinct survival probability for the females living on either treatments (SeP). Females in the kin treatment had a weekly survival rate 3*36% higher than females in the non-kin treatments. This translates into a survival rate of 72*5% (lower 95% confidence limit = 61*2, upper 95% confidence limit = 81-3) over 4 weeks in the non-kin treatments, and 83*8% (lower 95% Cl = 74*5, upper 95% Cl = 89.9) in the kin treatment. For males, there was no difference in survival between the treatments and the common estimator of weekly survival is 88*0%, which translates into a rate of 60*0% survival (lower Thus, overall male survival is lower than female survival (Fig. 3) and female, but not male survival is higher where average female relatedness is higher. To acertain that the differences in female survival observed between treatments resulted from social factors and not simply from the use of fishing nets in winter, we considered the presence of at least one FDR female as a neighbour and included this new variable in survival models. Data from the two years for which this information was available were considered together to obtain adequate sample size in each subgroup. The initial model included the treatment (e), the presence of a related neighbour (n) and the interaction term (n*e) ( Table  5) . Dropping the interaction increased the deviance of the model relative to a model including the treatment and neighbour effects alone (Se?n P, P = 0.09). We tested the effect of the treatment against models including only the neighbour effect (Sn P vs. Se?n P) and against a model including both the neighbour and the neighbour* treatment interaction (Se+n+e*n vs. Sn+n*e) without significantly decreasing the fit of the model (P> O.1). Finally, we tested the influence of the presence of FDR as neighbour on female survival by comparing models Sn+e*n P and Sn P to a model involving a single survival for the whole data set (S P). The deviance of the null model (S P) was significantly increased relative to models assuming that survival depended upon the presence of a related neighbour (both P = 0*04, one-tailed). Comparing the Akaike information criteria (AIC) of model Sn+e*n P and Sn P, (see Lebreton et al. 1992 , p. 111 for a discussion of the use of AIC in model selection) indicates that the former model is the most appropriate model that fits the data. Therefore, we concluded that female survival was influenced by the presence of a first degree relative, but this influence was not the same for both treatments (Fig. 4) . A local test comparing the survival of females with and without related neighbours within the kin treatment confirmed that females with related neighbours had a higher survival probability during the period considered ( Females from the kin treatments gave birth to their first spring litters four to seven days later than those from the non-kin treatments in 1990 and 1991 ( The manipulation of female relatedness strongly influenced the success of the first spring litter. The proportion of first spring litters producing at least one weanling and the mean number of young weaned per litter born was consistently higher within the kin treatment than within the non-kin treatment for the three replicates (Table 3) . Litter size at birth did not vary between years or between treatments (Table 3) Table 3 ). On average, less young per litter were caught in traps in the kin treatment than in the non-kin treatment and the difference between treatments was less pronounced in 1989 than in other years. The effect of female relatedness on the proportion of successful litters and on the number of young weaned per litter are still significant even when data from the grid known to have experienced high weasel predation (G191) are excluded (both P < 0.02). The weaning success of individual females with or without FDR as a neighbour were very similar on both treatments (P < 0.5). This indicates that the influence of the treatment on weaning success affected all females independently of the relatedness of their neighbours. On the non-kin treatment, the success of the second litter was much improved relatively to the first litter such that there was no difference between treatments in the success of the second litter.
Discussion
In this experiment, we manipulated the degree of female relatedness by removing selected individuals and decreasing predation by aerial predators in unenclosed populations during three successive springs. Closely-related females lived closer to each other than more distantly related or unrelated females. We found that females living within populations of high average female relatedness survived better than those living in population of low average relatedness. Similarly to the results obtained by Kawata (1987) with Clethrionomys rufocanus bedfordiae (Thomas), individual females that had their mother, sisters or daughters as a neighbour were more likely to survive the spring decline and reproduce than females without close relatives as neighbour. By comparing the survival of females with and without a first degree relative as a neighbour within the kin-treatment, we were able to separate any influence of the use of fishing nets and the removal of immigrants from the influence of the presence of a relative as a neighbour on female survival. Only the latter influenced female survival during the spring decline. Immigration and emigration were not prevented in this study and this proved to be important. First, it is possible that the lower survival by females from the non-kin treatment stems partly from their increased dispersal tendency. These females might have settled in marginal, unoccupied habitat or died during dispersal. As we did not catch any adult female beyond the ditches or the mowed strips, we find this possibility unlikely. Secondly, females that had a related neighbour within a population of low average relatedness and were exposed to immigrant females did not survive better than females without relatives. The birth of the first spring litter was slightly delayed on the kin treatment in 2 years out of 3. The weaning success of the first spring litter was considerably higher on the kin treatment than on the non-kin treatment. No such difference was observed for the second litter. Because all females, with or without related neighbours, had their weaning success influenced by the treatment, we believe that immigrant females attempting to establish within the non-kin treatment depressed juvenile survival. This experiments was not designed to detect differences in vole abundance in populations of contrasting relatedness because we continually removed immigrants from the kin treatment and reduced family size on the non-kin treatment during the ensuing summers (see Lambin unpublished). We were interested in measuring adult and juvenile survival of voles from high and low average relatedness and we found that they were clearly superior when average relatedness is high. We do not know whether the differences in survival and weaning rate observed would induce pronounced differences in vole abundances in natural populations, but it is likely.
There are several reasons why our use of natural populations makes this experimental design superior to those used in previous similar studies. First, dispersal, which is central to all hypotheses linking demography to social factors was not restricted in our design. Secondly, we avoided making assumptions about the clues involved in kin discrimination (as in Boonstra & Hogg 1988; Ylonen et al. 1990 ; see Ferkin 1990; Ferkin et al. 1992 ) such that voles with related neighbours experienced normal conditions of mutual familiarity in this study. We also avoided Relatedness and demography in voles problems associated with releasing individuals in enclosures and having to interpret demographic responses which do not become apparent until two months after the introduction (as in Ylonen et al. 1990 ). Our experiment focussed on the degree of female relatedness because the number of breeding females has the strongest influence on the demography of populations of M. townsendii (Redfield et al. 1978) . The weakness of our design is that we were not able to measure numerical responses to our experiment as we only manipulated voles in a small fraction of the vole habitat available. Also, because we relied on recruitment and philopatry to increase female relatedness, not all females from the kin treatments had a relative as neighbour. Nevertheless, the conditions experimentally created in this study were closer to the condition occurring when the size of some, but not all families is maintained or restored by winter breeding or good overwinter survival. In this experiment, population numbers fluctuated between years and year effects had to be included in the data analysis. This reduced the number of degrees of freedom below that which is adequate for performing meaningful statistical analyses using populations as experimental units. Consequently, for analysing the effect of female relatedness on breeding performances, we first considered the pattern of variation and then considered individual females living on the two treatments as experimental units. As it is unlikely that members of a population are independent from each other, statistical tests of differences in weaning success are pseudo-replicated and associated probabilities should be considered only as indicative (Hurlbert 1984) . Even though treatments were alternated between grids, we did not explicitly include potential differences in habitat quality between grids in our analysis. As the vegetation of the two grids was very similar and the pattern of variation between treatments was consistent on both grids, we do not believe that differences between grids influenced our conclusions. In this experiment, we found support for the main assumptions of our hypothesis linking microtine demography to female relatedness (Lambin & Krebs 1991a ). Female survival was improved during spring in populations of high average degree of relatedness. Relatives had their home-ranges closer and more overlapping than did unrelated females. The large differences in weaning success were unexpected because we previously underestimated the disrupting effect of the presence of immigrant females on juvenile survival. Further experiments are needed to demonstrate whether these factors can cause outbreak densities in vole populations, but our data on demographic parameters allow us to predict that high degree female relatedness should lead to high population density. Changes in the degree of females relatedness in winter influenced adult and juvenile survival later in spring. Our vole populations showed a delayed demographic response to the experimental changes in family size. The influence of such factors modifying the degree of females relatedness are thus amplified through social behaviour as predicted by us (Lambin & Relatedness and demography in voles Krebs 1991a). We have suggested previously that predators such as weasels and parasites such as botflies have a delayed influence on population demography of microtines owing to the changes in female relatedness they induce (Lambin & Krebs 1991a ). Experiments preventing infestation of Townsend's voles by botflies in summer would be a useful test of this prediction. The demographic consequences of the changes in the prevalence of winter reproduction hypothesized by Nelson (1987) could also be amplified by its effect on female relatedness.
We do not provide data on the relationship between the degree of female relatedness and density in this paper. Nevertheless, the proportion of females with a relatives as neighbour was highest in the year of high density owing to the occurrence of winter reproduction. Two characteristics of populations on their way to a cyclic peak were observed in the year of high density: reproduction started earlier and females were significantly heavier than in other years (Krebs & Myers 1974) . Clearly, it is unlikely that high female relatedness alone caused the differences in vole density between years.
Our findings together with those from other studies are inconsistent with Charnov & Finerty's (1980) assumption that relatedness is highest at low density in small mammal populations. Pugh & Tamarin (1990) did not find lower levels of relatedness among adult residents of three enclosed meadow vole (M. pennsylvanicus) populations at low density than at moderate density. In a fourth, non-enclosed population, average relatedness between females was higher at moderate density than at low density. However, their populations did not reach high densities during their study and they did not distinguish between increase and decrease phases. In an elegant study of dispersal by banner-tailed kangaroo rats, Dipodomys spectabilis (Gray), Jones et al. (1988) found that effective dispersal was higher at lower density than at high density. This pattern of successful dispersal, completely opposite to that assumed by Charnov and Finerty's hypothesis, results from the saturation of available habitat leading to competition for breeding sites at high density. Danielson & Gaines (1987) have provided convincing evidence that resident prairie voles (Microtus ochrogaster Wagner) restrict the settlement of dispersers and it is therefore likely that the pattern described by Jones et al. (1988) will hold true for other territorial species.
